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Abstract
The contribution to diffraction dissociation of virtual photons due
to quasi-elastic scattering of the q-q¯ component is calculated in the
framework of the QCD dipole picture. Both longitudinal and trans-
verse components of the cross-section are given. It is shown that, at
fixed mass of the diffractively produced system, quantum mechanical
interference plays an important roˆle. Phenomenological consequences
are discussed.
1. Recently, new measurements of the proton diffractive structure func-
tion at small x and large Q2 were presented by H1 and ZEUS experiments
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[1, 2]. The observed 3-dimensional structure function:
F
D(3)
2 (xBj , Q
2, xP) =
Q2
4pi2αe.m.
β
xP
dσ
dβ
=
Q4
4pi2αe.m.
1
βxP
dσ
dM2
(1)
can be studied as a function of β = Q2/(Q2 +M2), xP = xBj/β, and M
2,
the mass of the diffractively excited system.
The aim of the present paper is to investigate the QCD contribution to
the process in question using the colour dipole approach [3, 4], which is known
[3, 4, 5, 6] to reproduce the physics of the ”Hard Pomeron”[7]. We calculate
the diffraction dissociation of the virtual photon on the proton at small xBj
and large enough Q2. Our motivation is two-fold: perturbative QCD calcu-
lations performed in a framework suitable for small xBj , such as the QCD
dipole model, can provide a hint for discussing the physical mechanisms (per-
turbative vs. non-perturbative) at work in hard diffraction. Moreover, the
same exercise performed for the structure function of the proton (which con-
tains also the hard-diffraction contribution) leads [8] to a correct description
of the data with a non-perturbative input restricted to some dipole-model
parameters. We are thus looking for a description of hard diffraction in the
same framework.
In a first paper [9], we have derived the inelastic dipole-dipole cross-
section contribution to the single diffraction dissociation of the photon, see
Fig(1-a). This component is expected to be dominant in the small-β region
where it corresponds to the triple-pomeron coupling in Regge language. How-
ever a quasi-elastic dipole-dipole collision is also present (see Fig.(1-b)) and,
moreover, is expected to dominate the finite β domain. The investigation of
this component is compulsory, since most of the present experimental results
come from that region.
This quasi-elastic dipole-dipole component has to be calculated for all the
polarizations of the incident virtual photon, i.e. transverse and longitudinal
ones. At β ≃ 1 indeed, the longitudinal component is expected to dominate
[10]. In the present paper, we derive the predictions for cross-sections of
these transverse and longitudinal photon components in the QCD dipole
formulation. Together with the results of [9], it provides a consistent set of
predictions for hard single-diffractive processes studied at HERA.
The organization of the paper is the following: In the next section we
show how to derive the general formulae for the diffractive cross-section of
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a virtual photon. The specific case of a hard diffractive cross-section in
the QCD dipole picture is treated in section 3. In section 4 we discuss the
implications of our calculations for the 3-dimensional diffractive structure
function at small xP . Our results are summarized in the final section.
2. The amplitude for producing a mass M in the process depicted in Fig.
(1-b) reads
< M2k | T | ΨQ >=
∫
dz
d2ρ
2pi
< M2k | zk > eikρT (ρ, b; xP) < z, ρ | ΨQ >
(2)
where T (ρ, b; xP) stands for the elastic amplitude for scattering of the dipole
with transverse size ρ off the proton at the impact parameter b, z is the
light-cone momentum fraction of one of the quarks forming the dipole, k is
the relative transverse momentum of the quark and antiquark forming the
dipole and < z, ρ | ΨQ > is the probability amplitude to find the dipole
inside the photon. For fixed color, flavor and spin configuration of the qq¯
pair < z, ρ | ΨQ > is given by [11]:
< z, ρ|ΨQ >=
√
αe.m.e(f)
2pi
zQˆe+iΦK1(Qˆρ) (3)
< z, ρ|ΨQ >=
√
αe.m.e(f)
2pi
(1− z)Qˆe−iΦK1(Qˆρ) (4)
< z, ρ|ΨQ >=
√
αe.m.e(f)
2pi
2z(1− z) Q K0(Qˆρ) (5)
for the right handed, left handed and longitudinal photons, respectively. Here
αe.m. is the fine coupling constant, and e(f) is the quark charge and Qˆ ≡
(z(1− z)) 12 Q (quark masses are neglected).
The corresponding cross-section (for each component separately) reads
dσ
dM2d2b
=
∫
d2k |< M2, k | T | ΨQ >|2 . (6)
Using the identity
< M2, k | z, k >= δ
(
M2 − k
2
z(1− z)
) |1− 2z|
z(1− z)
1/2
k (7)
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and introducing (2) into formula (6), one can take advantage of the two delta
functions to perform the integration over k and one of the integrations over
z. The result is:
dσ
dM2d2b
= pi
∫ 1
0
dz z(1− z)
∣∣∣G(Mˆ, z; xP)∣∣∣2 (8)
where Mˆ ≡ (z(1 − z)) 12 M and G(k, z; xP) is given by the Fourier Transform:
G(k, z; xP) =
1
2pi
∫
d2ρ eik.ρ T (ρ, b; xP) < z, ρ|ΨQ > . (9)
Eqns. (8,9) show that the cross-section dσ/dM2d2b cannot be represented
as a sum of interaction probabilities of dipoles with different sizes. It requires
instead the use of the genuine BKS [11] wave-functions (3 - 5). This is the
consequence of the fact that the mass M of the diffractive remnants of the
photon is not a ”good” quantum number in the basis of states |z, ρ >, known
[3, 4] to be diagonal with respect to dipole interactions. Thus, different
dipole quantum states are contributing to the cross-section. This is the
reason why we called the corresponding component quasi-elastic. Only when
integrated upon the mass M, can the cross-section be represented by a sum
of probabilities [12].
Inserting expressions (3-5) into (9), one can perform the integration over
azimuthal angle and one obtains:
G(z, k, b; xP) =
√
αe.m.e(f)
2pi
zQˆ
∫
ρdρT (ρ, b; xP)K1(Qˆρ)J1(kρ), (10)
G(z, k, b; xP) =
√
αe.m.e(f)
2pi
(1− z)Qˆ
∫
ρdρT (ρ, b; xP)K1(Qˆρ)J1(kρ), (11)
G(z, k, b; xP) =
√
αe.m.e(f)
2pi
2z(1−z) Q
∫
ρdρT (ρ, b; xP)K0(Qˆρ)J0(kρ). (12)
3. The formulae of section 2 are general and can be used for any model
of the interaction amplitude T of a dipole on any target. In the QCD dipole
picture, and if the target is an onium, T was calculated [3] and is given by:
T (ρ, b; xP) =
∫
d2rdz Φ(r, z) T˜ (r, ρ, b; xP), (13)
where, for b > max(r, ρ),
4
T˜ (r, ρ, b; xP) = piα
2 rρ
b2
log
(
b2
rρ
)
x−∆PP (2aP/pi)
3/2 exp
(
−aP
2
log2(b2/rρ)
)
.
(14)
Φ(r, z) is the square of the onium wave function, α is the strong coupling
constant, ∆P ≡ αP − 1 = αNcpi 4 log 2 , and
aP = [7αNcζ(3) log(1/xP)/pi]
−1. (15)
In the limit xP → 0 the integral (13) can be approximated [9] by:
T (ρ, b; xP) = T˜ (r = r0, ρ, b; xP), (16)
where
r0 =
∫
d2r dz r Φ(r, z), (17)
and b > max(r0, ρ).
To apply these results to deep inelastic lepton-nucleon scattering, one
makes the assumption that the target proton configurations contributing at
small xBj can be adequately represented by onia. The same assumption was
shown to work well for the proton structure function itself [8]. In that case
r0 is a non-perturbative parameter which is determined from the data. The
fit to the data on proton structure function gives r0 ≃ .8 fermi.
Inserting (13,14) into (10,11,12) and (8), and summing over all color,
flavor and spins, one obtains an explicit expression for the diffractive cross-
section we are looking for, namely
dσ
dM2
=
dσT
dM2
+
dσL
dM2
(18)
with
dσT
dM2
=
Ncαe.m.e
2
f
2pi
Q2
∫
∞
r0
d2b
∫ 1
0
dz z2(1− z)2
(
z2 + (1− z)2
)
×
×
∣∣∣∣∣
∫ b
0
ρdρT (ρ, b; xP)K1(Qˆρ)J1(Mˆρ)
∣∣∣∣∣
2
(19)
dσL
dM2
= 4
Ncαe.m.e
2
f
2pi
Q2
∫
∞
r0
d2b
∫ 1
0
dz z3(1− z)3 ×
×
∣∣∣∣∣
∫ b
0
ρdρT (ρ, b; xP)K0(Qˆρ)J0(Mˆρ)
∣∣∣∣∣
2
, (20)
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where e2f =
∑
e2(f), is the sum of the square charges of the quarks.
The formulae (18-20) involve an integration on the dipole size ρ from
0 to b. As b can take rather large values, the question arises whether the
non-perturbative effects do not modify significantly the results [13]. In order
to discuss this problem, we investigated the dependence of the results on a
cut-off r∗ of integration in ρ, i.e. we replaced the integration from 0 to b
by 0 to min(r∗, b). The results are illustrated in Fig. 2 where the depen-
dence of dσT/dM
2 and dσL/dM
2 on r∗ is plotted. One observes that for the
longitudinal component there is no variation for r∗ > r0. For the transverse
component there is little variation at small β and somewhat more at larger
values of β. We also checked that these results are not sensitive to M2 +Q2,
that is to the dimensionful scale of the problem. It means that the process
in question is fully controlled by short-distance physics only if r0 is small
enough. The case of proton target, with r0 ≃ .8f, does not satisfy this con-
dition [4, 13]. On the other hand, since r0 is not unreasonably large, one
may hope that the corrections to the photon wave functions (3-5), expected
from non-perturbative (long distance) forces are not very important. Since
we find that the bulk of the cross-section comes from the region ρ < r0, from
now on we consider the results for r∗ = r0.
4. Let us now discuss the main phenomenological features of this quasi-
elastic component of the 3-dimensional diffractive structure function (1).
i) xP-dependence.
One sees from formula (13) that the factor
ΦP = x
−1−2∆P
P
(
2aP
pi
)3
(21)
common to all components, is responsible for most of the xP -dependence.
However an extra, a-priori non-factorizable, contribution is also present. It
comes from the factor exp
(
−aP
2
log2(b2/rρ)
)
in (14). Its effects are displayed
in Fig. 3 where
∆eff
P
=
1
2
(
d logFD(3)
d log(1/xP)
− 1
)
(22)
is plotted versus xP . One sees that the predicted effective intercept is higher
than the one found for triple-pomeron contribution [9] (coming from ΦP
only). Nevertheless, it is still substantially lower than ∆P , and from the ef-
fective intercept determined from the total cross-section [14]. Some violation
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of factorization is present because ∆effP depends on Q
2. These effects are
rather small however, and it will be difficult to observe in the data. We have
checked that the same is even more true for the β dependence of ∆effP . So,
the quasi-elastic component appears to be effectively factorizable.
ii) β-dependence.
It is shown in Fig. 4 for Q2 = 8.5 and xP = 10
−3. It is remarkable that,
although the transverse and longitudinal components show very different be-
haviours, the sum is almost independent of β for β > .3. The dominance
of the longitudinal over the transverse contribution when β → 1 is a direct
consequence of the vanishing of J1 in the integral (19). The noticeable conse-
quence is that the ratio R of the longitudinal over the transverse component
is predicted to become larger than 1 for β > .8.
iii) Q2-dependence. The structure function FD(3) was found to increase
with Q2 in the whole range of β, in contrast to the situation encountered in
the proton structure function F2. This seems in qualitative agreement with
the data [1]. This effect, however, is sensitive to the scales involved in the
process and thus requires more careful analysis before definite conclusion can
be reached.
5. To summarize, we have calculated the contribution to diffractive dis-
sociation of a virtual photon at small x due to quasi-elastic scattering of the
qq¯ component of the photon on the target nucleon (Fig.1). The amplitude for
dipole-proton scattering was taken to be that corresponding to the exchange
of a ”hard Pomeron”, as calculated [3] in the dipole picture of high-energy
scattering [3, 4] (as shown in [8] it gives a good description of the proton
structure function F2 at small x). Our main results can be formulated as
follows:
(a) At a fixed mass of the diffractively produced system, the cross- section
for the process in question cannot be represented as a sum of the interac-
tion probabilities of different dipole components of the virtual photon. The
quantum-mechanical interference is essential and thus the explicit use of the
light-cone wave functions of the virtual photon [11] is necessary, indepen-
dently of the model describing the dipole target elastic amplitude.
(b) We found that the main part of the cross-section is coming from the
interaction of the qq¯ pairs whose transverse size is of the order of the target
size as seen by the virtual photon. We found, furthermore, that this range
does not depend on the dimensionful large scale of the problem, i.e. Q2+M2.
If the target size is of order 1f, as for a proton, the process in question is not
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fully controlled by the short distance physics [4, 13]. On the other hand, since
the effective range is not unreasonably large, we feel that the corrections to
the photon wave functions, expected from non-perturbative (long distance)
forces should not be overwhelming.
(c) We find the effective Pomeron intercept (Fig.3) of the quasi-elastic
component significantly higher that that of the triple-Pomeron contribution
[9] but still lower than that determined from the proton structure function
F2 [14], in agreement with data [1, 2]. Approximate factorization is found
with respect to both β and Q2 dependence, in agreement with the results of
[15].
(d) The obtained β-distribution (Fig.4) is fairly flat for β > .3 because the
contribution from the longitudinal component fills the dip of the transverse
one at β ≈ 1. Thus the ratio R of the longitudinal to transverse diffractive
structure functions is expected to be strongly varying as function of β and
to reach values exceeding 1 for β greater than 0.8.
(e) The structure function FD(3) was found to increase with Q2 in the
whole range of β, in contrast to the situation encountered in the proton
structure function F2.
In conclusion, the present calculation, together with the one of Ref.[9]
show that the QCD dipole picture leads to a well-defined prediction for the
hard diffractive process seen as large rapidity gap events at HERA. With
the advent of new precise data, it will be possible to perform a quantitative
comparison.
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Figure captions.
Fig.1. Graphs contributing to the diffraction dissociation of virtual pho-
tons. (a) inelastic (triple-Pomeron) (b) quasi-elastic
Fig.2. Dependence of the 3-dimensional diffractive structure function on
the integration cut-off r∗.
Fig.3. Effective Pomeron intercept for triple Pomeron (dashed line) and
quasi-elastic (full lines) contributions.
Fig.4. β− dependence of the 3-dimensional structure function.
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